Abstract. Recent high-resolution seismic experiments reveal that the crust beneath the San Gabriel Mountains portion of the Transverse Ranges thickens by 10-15 km (contrary to earlier studies). Associated with the Transverse Ranges, there is an anomalous ridge of seismically fast upper mantle material extending at least 200 km into the mantle. This high-velocity anomaly has previously been interpreted as a lithospheric downwelling. Both lithospheric downwelling and crustal thickening are associated with the oblique convergence of Pacific and North America plates across the San Andreas Fault, though it seems likely that the lithospheric downwelling is driven at least partly by gravitational instability of the cold lithospheric mantle. We show by means of numerical experiment that the balance between buoyancy forces that drive deforrnation and viscous stresses that resist deformation determines the geometry of crustal thickening and mantle downwelling. We use a simple two-layered lithospheric model in which dense lithospheric mantle overlies relatively inviscid and less dense asthenosphere and is overlain by buoyant crust. External plate motion drives convergence, which is constrained by boundary conditions to occur within a central convergent zone of specified width. A fundamental transition in the geometry of downwelling is revealed by our experiments. For slow convergence, or low crustal viscosity, downwelling occurs as multiple sheets on the margins of the convergent zone. For fast convergence or crust that is stronger than mantle lithosphere a single downwelling occurs beneath the center of the convergent zone. This complexity in the evolution of the system is attributed to the interaction of crustal buoyancy with the evolving gravitational instability. In order for a narrow downwelling slab to have formed beneath the Transverse Ranges within the last 5 Myr, the effective lithospheric viscosity of the convergent region is at most about 1020 Pa s.
too large. A subsequent teleseismic P wave travel time tomographic study found that the high-velocity anomaly is a narrow vertical sheet that extends down into the mantle beneath the zone of maximum crustal thickness, suggesting some degree of coupled crust-mantle deformation . We suggest that the interaction of a buoyancy driven instability with plate boundary deformation determines the geometry of crustal thickening and mantle down-welling in this region. In this paper we describe numerical experiments on the gravitational instability of a high-density, relatively cold, upper mantle layer in which convergence is initially localized by plate boundary geometry at the surface. We aim to show here that observations of the present-day geometry of the convergent process in the Transverse Ranges may potentially be used to determine the relative magnitudes of in-plane stress and crustal buoyancy and thus to place constraints on the rheological properties of the lithosphere and crust in this region.
The magnitude of the buoyancy force is determined only by gravity acting on the density distribution, and the latter is directly related to the seismic velocity distribution. The significant buoyancy forces arise from the variation in Moho depth and from the fast mantle anomaly, which is presumably cold and dense. The magnitude of the stress field due to plate convergence is, however, much more difficult to determine because it depends on poorly known lithospheric rheological parameters.
Lower crustal viscosities in this region have been estimated from postseismic relaxation studies. The estimates are, however, quite variable, ranging from 3x1015 Pa s [Ivins, 1996 ] to 6x1016 Pa s [Yu et al., 1996 ] to 4x1019 Pa s [Turcotte et al., 1984] . Integrated lithospheric viscosity is difficult to measure, however, though it is generally thought to be much greater than sublithospheric viscosity, of which estimates are of the order of 4x102ø
Pa s [e.g., Humphreys and Hager, 1990] . One recent study [Flesch et al., 2000] has found that integrated lithospheric viscosity in the southwestern United States is regionally variable and is of order 1021 Pa s in the California shear zone, increasing to 10 22 Pa s across the Basin and Range province.
Our analysis approaches the problem of determining lithospheric strength by first using the geometry of deformation to constrain the relative magnitude of buoyancy-derived stress and convergence-related stress. The scaling implied by the buoyancy parameters, assumed known, then allows us to estimate the effective rheological parameters of the lithosphere. This approach has been used effectively in other large-scale geodynamical problems. The absolute strength of the lithosphere in the Indian-Asian continental collision zone is defined by the present-day geometry of crustal thickness and seismic activity [England and Houseman, 1986] . In a similar way, the deformation geometry of subducted slabs has also been used to constrain the effective strength of subducted oceanic lithosphere [Houseman and Gubbins, 1997] . In both of these examples, numerical experiments were used to show how the deformation geometry varies as the magnitude of viscous stress relative to buoyancy-derived stress changes.
The mantle lithosphere is likely to be gravitationally unstable relative to the underlying asthenosphere because it is colder and therefore denser. A compositional difference could annul the effect of thermal contraction, but the evidence of mantle convective thinning having occurred in many places [Houseman and Molnar, 1997] suggests that at least some parts of the subcontinental lithospheric mantle are subject to this kind of instability. One consequence of the lithosphere having a nonNewtonian viscosity is that some significant perturbation to lithospheric thickness may be necessary to allow the gravitational instability to grow fast enough to overcome the stabilising effect of thermal diffusion [Houseman and Molnar, 1997] .
Plate-driven convergence evidently provides the necessary perturbation, as most of the documented examples of mantle convective thinning have occurred in regions of plate boundary convergence or intraplate convergence. Thermal diffusion can be ignored if the instability grows sufficiently rapidly, that is, if the ratio of the thermal diffusion timescale (of order L2/Ic, where L is thickness and x is thermal diffusivity) to the shortening timescale (of order W/Uo, where U0 is the convergence rate and W is convergence zone width) is large.
In discussions of convergent orogeny it is often assumed that the crustal thickening factor is locally the same as the total lithospheric thickening factor. The assumption may be quite valid if buoyancy-derived stress can be ignored. In response to convective thinning in the mantle, however, the observed crustal thickening factor may be much less than that of the lithosphere [Neil and Houseman, 1999] . The ratio of these two thickening factors may be an important diagnostic tool in determining the mechanism that has produced crustal thickening.
The 
where n is the stress exponent of the nonlinear constitutive relation. For a strike-slip boundary the displacement rate u decreases 4 times faster:
In this case, the obliquity of the boundary means that the actual rate of decrease of displacement is likely to be intermediate between these two estimates. The segment of the San Andreas Fault that is oblique to the convergence vector and thus under transpression is -200 km long. We estimate the half width of the zone of localized convergence as the distance y at which the displacement rate is reduced by a factor of e -2 . This theory implies, for n = 3, a half width for the transpressional convergent zone that is intermediate between-40 km (based on equation 2) and 160 km (based on equation 1). Even though n is uncertain, and variation of lithospheric strength associated with crustal thickness or background heat flow variations may also play a role in causing the deformation to be localized, these two estimates bracket the geodetically determined half width of the convergent zone, which is of order 100 km (Figure lb) In our 2-D numerical experiments the third dimension (alongstrike) is invariant, and so we simply impose the across-strike width of the deformation zone by means of an upper boundary condition in which velocity is rigid and plate-like over most of the solution region but falls to zero over an externally specified zone of convergence (Figure 2) . We simplify the problem further by assuming that the model lithosphere, representing thermal and mechanical boundary layers of the Earth, consists of two homogeneous viscous layers. These layers, crust and mantle, overlie a homogeneous asthenosphere whose viscosity is small compared to that of the lithosphere. The mantle part of the lithosphere is assumed to be denser than the asthenosphere, a key assumption for creating a buoyancy-driven instability.
The simplification of geometry, boundary conditions, and physical properties associated with the assumptions described above is an essential first step in the analysis of this problem. We are aware, however, that all of these simplifications should be examined carefully in applying these results to the observed deformation of the Transverse Ranges. We solve the system of equations (3)-(8) using the finite element method (program basil). For most of the calculations described below, the finite element mesh was constructed of 3402 triangular elements, using quadratic interpolation functions for velocity (7031 nodes) and linear functions for pressure (1815 nodes), in a 6 x I rectangle representing the left half of the region shown in Figure 2 . Accuracy of the method was verified for small strains by comparison with linear stability theory in the absence of imposed convergence [Neil and Houseman, 1999] . To verify that the calculations are well resolved at large strains, selected calculations were repeated using a denser mesh in which the density of node points was increased by 33% in each direction. The triangular elements are stretched during the deformation, but the topology of the finite element mesh is preserved.
The deflections of the density interfaces (both at the Moho and at the base of the lithosphere) create horizontal density gradients which drive deformation. In the absence of imposed convergence (Uo = 0 ) and for small initial harmonic deflections, two distinct components of the solution may be present [Neil and Houseman, 1999] . Deflection of the unstable boundary at the base of the lithosphere drives a circulation which grows exponentially, leading to the replacement of lithospheric mantle with less dense asthenosphere. On the other hand, deflection of the Moho displaces low-density crust with higher-density mantle and thus may drive a circulation in the opposite sense, which causes the Moho deflection to decay. Stable exponential growth (of both deflections) occurs, however, when the initial Moho deflection is -6% of the deflection of the lithosphereasthenosphere boundary (for typical density and viscosity parameters) [Neil and Houseman, 1999] . In the numerical experiments that we describe here, we focus on the question of how the imposed convergence influences the growth of this instability.
In the numerical experiments we work with a system of dimensionless units which facilitates analysis and interpretation. Lengths are rendered dimensionless using L, the thickness of the lithosphere; density using A,o, the difference between mantle and asthenosphere density; and viscosity using the mantle viscosity r/m (or Bm). The velocity scale is then chosen to be consistent with the stress scale gAoL' U b gAoL L gA'øL2
and the appropriate timescale is then T = L/U b . The set of dimensionless parameters that govern the calculation is listed in Table 1 .
Results
Of the parameters in Table 1 Figure 3c) , we see that the ratio of crustal to lithospheric thickening is greatest. If, however, the convergence rate is slow compared to the growth of the instability ( U[ = 0.008, Figure 3a) , buoyancy dominates, and the ratio of crustal to lithospheric thickening is least. Whenever the gravitational instability develops at a greater rate than the externally imposed convergence, we see that significant thinning of the mantle lithosphere occurs in the region adjacent to the downwelling (Figures 3a and 3b) . We repeated the experiments in Figures 3a and 3b In all of the experiments described so far, we have assumed IV'= 1 (the half width of the convergent zone is equal to the original lithospheric thickness). One might question whether the occurrence of multiple downwellings beneath the convergent zone is a consequence of a boundary condition in which convergence is forced to occur in too narrow or too wide a region. We therefore next examine the effect of varying the width of the convergent zone IV'. Figure 6 shows the outcomes of experiments with W '= 0.5 or 2 for fast and slow convergence rates, for comparison with the IV'= 1 experiments shown in Figure 3 . The somewhat counterintuitive aspect of the result shown in Figure 6 is that a single central downwelling is more likely to occur if the crustal shortening of the convergent region is distributed over a wider zone (Figures 6c and 6d) . Downwellings on the edges of the convergent zone are more likely to occur with the narrower convergent zone (Figures 6a  and 6b) . Note also the extensive lithospheric thinning that occurs over a broad region of the neighboring lithosphere as the lithosphere is convectively thinned for the case of slow convergence rate and broad convergent zone (Figure 6c ).
Up to this point, we have examined experiments in which both lithosphere and crust have a homogeneous (and equal) Newtonian viscosity. We next consider the possibility that the crust is significantly weaker or stronger than the mantle lithosphere, while retaining the assumptions of constant Newtonian viscosities in each layer. If the crust is significantly weaker than the mantle (Figures 7a and 7b) , it can deform easily, but its large positive buoyancy still prevents significant crustal thickness gradients from developing. In that case the tendancy for downwelling to occur away from the center of the convergent zone is enhanced, particularly at low convergence rate (Figure  7a) , and we see a style of convective thinning of the lithosphere which is more nearly like the delamination mechanism proposed by Bird [ 1979] . We consider that the term delamination is used properly to describe a style of deformation in which the unstable mantle lithosphere is peeled as a coherent sheet away from the overlying layer. The downwelling in Figure 7a migrates outward as it develops, away from the center of convergence, and we see rather extreme lithospheric thinning above the center of convergence, accompanied even by minor crustal thinning. The effect of a weak crust in promoting marginal downwelling rather than central downwelling is also observed at higher convergence rate (compare Figures 7b and 3c) . Note that although the factor of 5 decrease in crustal viscosity here causes a remarkable change in the geometry of downwelling, the rate at which the instability develops is not much changed.
When the crust is significantly more viscous than the mantle, it can more easily support the stresses that accompany significant gradients in crustal thickness near the center of the convergent zone. We then see (Figures 7c and 7d) , 7c and 3a in two aspects. First, the gravitational instability is well developed while the total convergence is still small, and second, the range of effective crustal strength variation in each case is comparable. We see that the n = 3 experiments show a range of convective thinning styles very similar to that for n = 1 as the crustal strength ratio is increased. When the crust is weak compared to the mantle (Figures 7a and 8a) , we see downwelling on the margin of the convergent zone and major lithospheric thinning in the center. When the crust is stronger than mantle lithosphere, downwelling is concentrated in the center of the convergent zone (Figures 7c and 8c ). This comparison (Figures 7 and 8 ) also suggests that the initial downwelling removes less of the lithosphere with n = 3 and that crustal thickening, though minor in both cases, may be somewhat greater for n = 1.
In the absence of a buoyant crust the influence of widespread horizontal shortening on the time development of the gravitational instability has been described by Molnar et al. [1998] . Regardless of the value of n, the growth is initially exponential because the background shortening strain rate causes the effective viscosity to be constant. When n > 1, however, and the growth has reached some threshold in which the strain rate due to the instability exceeds that due to the shortening, rapid power law growth is observed. In our experiments the shortening is localized rather than uniformly distributed, so the effective viscosity must vary spatially, with low viscosity in the central convergent zone and high viscosity at the embedded ends of the plates. It seems likely that the lateral variation of viscosity with n = 3 would act to limit the lateral extent of the region influenced by the gravitational instability so that the volume of lithospheric mantle removed would be less than with n = 1. The very rapid growth of downwelling in the final phase of the gravitational instability is observed, however, with both localized and distributed convergence.
The buoyancy of the crustal layer adds further complexity to this system. For n = 1 the buoyant layer introduces a decaying mode to the solution in addition to the exponentially growing mode [Neil and Houseman, 1999] . The growing mode is driven by the unstable lithosphere-asthenosphere boundary, and the decaying mode is driven by the stable crust-mantle boundary. In the absence of localized convergence the decaying mode soon disappears, and convergence grows exponentially for n = 1 [Neil and Houseman, 1999] . In our experiments, however, localized crustal thickening is driven by the imposed convergence, and therefore both gravitationally driven modes are present throughout the growth of the instability.
The evolution in time of these experiments reflects the interaction between the imposed convergence, the stable Moho, and the unstable lithosphere-asthenosphere boundary. To illustrate the different stages in the time evolution of this system, we examine the variation with time of the maximum downward displacement and velocity of the lithosphere-asthenosphere boundary and of the Moho (Figure 9) . All of our experiments show a typical pattern in which the displacements of both boundaries at first increase rapidly from their initial zero values as thickening in both layers is driven by the convergent condition, and buoyancy plays a negligible role. During this time the velocities decrease as the buoyancy contrast at the Moho begins to play a role. Then a phase of steady growth follows in which the velocities increase only slowly and the displacements grow almost exponentially. During this phase the thickening driven by external convergence is resisted by the buoyancy contrast at the Moho while the unstable mode is still small. The final stage of the evolution sees the unstable mode dominate as both velocities and displacements increase rapidly and a blob of dense mantle lithosphere starts to form and fall away. The dynamical sequence just described is shown in Figures 9a  and 9b for two experiments in which single central downwellings develop (n --1 and W'= 2, Figures 6c and d) , differing only in the rate of the imposed convergent velocity. For both U• = 0.008 and U• -0.16 the timescale for the buoyancy-driven instability is the same, but the timescale for thickening driven by convergence is decreased by a factor of 20. We observe, however, that the interplay between the competing driving forces causes the time to instability to be decreased by a factor of-2.5 only (Figures 9a and 9b) .
With n = 3 (Figures 8b, 9b and 9d) , the pattern is modified. During the first two phases of growth the viscosity in the Crustal thickening is observed to increase monotonically with the growth of the instability (Figures 9c and 9d) but it seems likely that its growth will be limited by the final detachment of the unstable blob. Extrapolation of the computed time series to the point of blob detachment suggests that the maximum crustal thickening factor when there is no imposed convergence (for n = 1 and t/c= 1) is-1.4 [Neil and Houseman, 1999] . Our experiments show, however, that the maximum crustal thickening factor (Figures 10c and 1 Of) can be increased locally to values > 2.0 by the imposed horizontal convergence, particularly if the convergence is relatively rapid and more so if the crust is stronger than the lithospheric mantle (e.g., Figure   7d ). of seismic tomography beneath the Transverse Ranges seem to show clearly that the high-velocity mantle anomaly is a narrow sheet that lies directly below the thickened crust, extending to at least 200 km, but perhaps only 50 km in width [Humphreys and Clayton, 1990; . The large thermal gradients implied by the narrow width of this anomaly also imply a young age for the creation of the anomaly [Humphreys and Hager, 1990] . In using the above observations to determine the best model parameters to represent the Transverse Ranges, the first and most obvious constraint is that mantle downwelling beneath the Transverse Ranges is well developed after a relatively small total convergence and evidently occurs as a single central downwelling directly beneath the center of the convergent zone. The rapid development of the instability relative to the total convergence in this case provides an upper limit on the dimensionless convergence rate (Figures 10b and 10e) 
